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Abstract 
Pyrometallurgical reprocessing of spent nuclear fuel was now considered as one of the most promising 
options for an innovative nuclear fuel cycle. In this paper, the electrochemical behavior of Sm(III) and 
Dy(III) was studied by cyclic voltammetry in KCl-LiCl molten salts. Addition of magnesium chloride 
resulted in positive deposition potential of Dy(III), lower electrolysis temperature and higher recovery 
ratio of rare earth. According to different deposition potentials of Sm(III) and Dy(III), electrolysis in the 
molten KCl-LiCl-MgCl2 system constituted the main step in this reprocess, where SmCl3 was separated 
from the SmCl3-DyCl3 system at -2.20 V (vs. Ag/AgCl reference electrode) and the DyCl3 were formed 
the Dy-Mg alloys. It was proved that the main structures of the obtained alloys were Dy and DyMg3 
without Sm by the analysis of XRD of alloys. 
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1. Introduction 
Rare earth oxides, especially samarium oxide and europium oxide, because of their big neutron 
capture section, are harmful for the nuclear fuel cycle [1- 4]. As the similar properties between lanthanides 
and actinides, they are difficult to be separated from spent nuclear fuel. Pyrometallurgy reprocessing of 
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spent nuclear fuel is now considered as one of the most promising options for an innovative nuclear fuel 
cycle [5]. Electrorefining in molten chlorides constitutes a main step in this process, which actinides are 
separated from the lanthanides [6]. Nevertheless, the determination of solution thermodynamic properties 
is crucial for the design of electrochemical cells. At the present, the thermodynamic properties of uranium 
and plutonium oxides (the useful compounds in spent nuclear fuel) solutions have been investigated in the 
molten fluoride system by electrochemical transient techniques [7]. But high technological conditions are 
required for the corrosion resistance in the molten fluoride system.  
The thermodynamic properties of uranium and plutonium chloride solutions have been studied in the 
molten LiCl-KCl eutectic system by electrochemical transient techniques [8, 9]. Various investigations 
have been carried out on the electrochemistry of the U(III)/U couple in molten LiCl-KCl eutectic by EMF 
measurements [10- 16].  
In our reseach, dysprosium chloride, due to the similar character to uranium chloride, instead of 
radioactive uranium chloride, is used to be the separation process simulation [17- 20]. Separations of 
dysprosium and samarium chloride are studied in the molten LiCl-KCl-MgCl2 system in this paper. It is 
not only a lower electrolysis temperature because of forming the alloys between magnesium and rare 
earth elements, but also a positive deposition potential can reduce the energy consumption during 
electrolysis process, as the depolarization effect of lanthanides and actinides elements at the magnesium 
electrode. The separation is realized between dysprosium and samarium chloride. 
2. Experimental 
2.1. Preparation and purification of the melts  
The mixture of LiCl-KCl (58:42 mol. %, analytical grade) is first dried under vacuum for more than 
72 h at 573 K to remove excess water, and then melted in an alumina crucible placed in a quartz cell 
located in an electric furnace. The temperature of the melts is measured with a nickel-chromium 
thermocouple sheathed with an alumina tube. Magnesium, samarium and dysprosium ions are introduced 
into the bath in the form of dehydrated MgCl2 (99.9 %, analytical grade), SmCl3 and DyCl3 (99.9 %, 
analytical grade) powder. The separation of SmCl3-DyCl3 system is studied in the molten LiCl-KCl-
MgCl2 system. SmCl3 and DyCl3 are both mixed into the molten salts. All experiments are performed in 
an argon atmosphere. 
2.2. Electrochemical apparatus and electrodes 
All electrochemical measurements are performed using an Im6eX electrochemical workstation 
(Zahner Co., Ltd.) with THALES 3.08 software package. A silver wire (d = 1mm) is dipped into a 
solution of AgCl (0.070 mol kg-1) in LiCl-KCl melts contains a Pyrex tube is used as a reference electrode. 
All of the potentials are referred to this Ag/AgCl couple. A spectrally pure graphite rod (d = 6mm) serves 
as the counter electrode. The working electrodes are molybdenum wires (d = 0.9 mm, 99.99 % purity), 
which are polished thoroughly using SiC paper, and then cleaned ultrasonically with hexane (99.8 % 
purity) in an ultrasonic bath prior to use. The active electrode surface area is determined after each 
experiment by measuring the immersion depth of the electrode in the molten salts. The alumina crucible 
is suit as the electrolysis cell. 
2.3. Preparation and characterization of samples
All of the samples are cleaned in hexane (99.8 % purity) in an ultrasonic bath to remove salts and 
stored in a glove box for analysis. These deposits are analyzed by XRD (X’ Pert Pro; Philips Co., Ltd.) 
using Cu K  radiation at 40 kV and 40 mA. In order to determine Mg, Sm and Dy contents of the 
samples, each sample is dissolved in aqua regia (HNO3: HCl: H2O= 1:3:8, v/v) after the above analysis. 
The solution is diluted and analyzed using an inductively coupled plasma atomic emission spectrometer 
(ICP-AES, Thermo Elemental, IRIS Intrepid II XSP). 
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3. Results and discussions 
3.1. Electrochemical behaviour of SmCl3 and DyCl3 in LiCl-KCl-MgCl2 melts 
Fig. 1a shows typical cyclic voltammograms (CVs) in LiCl-KCl melts before and after the addition 
of 0.062mol L-1 SmCl3 on molybdenum electrodes at 873 K. The left curve without SmCl3 almost 
coincides with one of the LiCl-KCl melts. The sharp increase of cathodic current signal R1 at about -2.35 
V and a corresponding anodic current peak OX1 is associated with the reduction of metal lithium and 
dissolution, respectively. Except for peaks R1/OX1, no other signal is found at left curve. 
In right curves, the dot curve shows a new redox couples after the addition of 0.062mol L-1 SmCl3 in 
the LiCl-KCl melts. The R2/OX2 system at about -0.80 V was corresponding to the Sm(III)/Sm(II) 
electrochemical redox reactions. The redox potential range of Sm(III)/Sm(II) is consonant with the one 
reported by Castrillejo [21] and Bae et al. [22]. In the solid curve, peak R3 is associated with the reduction of 
Mg(II) ions after the addition of 0.12mol L-1 MgCl2. In the reverse scanning direction, a peak OX3 
corresponds to the dissolution of Mg metal. However, the formation of Mg-Sm intermetallic compound is 
not detected within the electrochemical window. 
Fig. 1b shows typical CVs in LiCl-KCl-SmCl3melts after the addition of 0.062mol L-1 DyCl3 on 
molybdenum electrodes at 873 K. The curve presents a new redox couples after the addition of 0.062mol 
L-1 DyCl3 in LiCl-KCl-SmCl3 melts. Therefore, the R4/OX4 system at about -2.05 V corresponds to the 
Dy (III)/Dy electrochemical redox reactions. 
 
 
Fig.1 (a) Cyclic voltammetrys in the LiCl-KCl melts before (the left curve) and after (the right curve) the addition 0.062 mol L-1 
SmCl3 and 0.12 mol L-1 MgCl2; (b) Cyclic voltammetrys in the LiCl-KCl-SmCl3 (0.062 mol L-1) melts after (the line 2) the addition 
0.062 mol L-1 DyCl3; (c) Cyclic voltammetry in the LiCl-KCl-SmCl3 (0.062 mol L-1)-DyCl3 (0.062 mol L-1) melts after the addition 
0.12 mol L-1 MgCl2; sweep rates: 0.1V s-1; temperature: 873 K;  
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Fig. 1c shows typical CV in LiCl-KCl-SmCl3 (0.062mol L-1)-DyCl3 (0.062mol L-1) melts after the 
addition of 0.12mol L-1 MgCl2 on molybdenum electrodes at 873 K. Base on the result of Fig. 1a, the 
formation of Mg-Sm intermetallic compound is not detected within the electrochemical window. 
Moreover, it is reported by Yan Yongde [25] that the formation peak of Mg-Li alloys exist at about -2.27 V 
without the addition of DyCl3 and SmCl3 in LiCl-KCl-MgCl2 (1.0 mol.%) melts. Nevertheless, we do not 
find any reduction peak corresponding to formation of Mg-Li alloy at about -2.27 V in Fig.1c. It can be 
explained that the deposition potential of Mg-RE alloys is more positive than Mg-Li alloys. After Mg and 
RE deposition, the surface of the Mo electrode is fully covered by Mg-RE alloys and Li underpotential 
deposition cannot occur on the Mg-RE alloy. Therefore, the peak R5 is thought the underpotential 
deposition of Dy on pre-deposited Mg to form alloys. The current density of R5 peaks is improved at 
about -1.90 V. A small wave OX5 in the positive-going scan is corresponding to the dissolution of Mg-Dy 
alloys, respectively. Through the investigating deposition potential of Mg-RE alloys, we will discuss the 
separation method. 
3.2. Separation condition about SmCl3 and DyCl3 in LiCl-KCl-MgCl2 melts 
 
Fig.2 Open chronopotentiometry in the LiCl-KCl-SmCl3-DyCl3-MgCl2 melts. Area of a molybdenum electrode: 0.322 cm2; 
temperature: 873 K; Electrolysis time: 60s; concentration of SmCl3: 0.062 mol L-1; concentration of DyCl3: 0.062 mol L-1; 
concentration of MgCl2: 0.12 mol L-1. 
Open-circuit chronopotentiometry is a suitable technique for the study of potential alloy formation 
and dissolution. In order to get the separation condition of SmCl3 and DyCl3, a thin layer specimen is 
prepared by cathodic deposition on a Mo electrode for short periods of 60 s at a potential of -2.35 V in 
LiCl-KCl-SmCl3 (0.062 mol L-1)-DyCl3 (0.062 mol L-1)-MgCl2 (0.12 mol L-1) melts. Following the 
deposition time, the potentiostatic control was disconnected and a transient curve of the open circuit 
potential is measured. The open-circuit potential of the electrode is registered versus time (see Fig.2). 
Since deposited Dy metal react with Mg and diffuse into the Mg electrode (already deposited on the Mo 
electrode), the electrode potential gradually shifts to more positive values. During this process, a potential 
plateau can be observed when the composition of the electrode surface is within a range of a two phase 
coexisting state [26- 29]. In the beginning, the potential stays at around -1.91 V and -1.82 V (plateau 1 and 
2), which is interpreted as the formation of Mg-Dy alloys and Mg metal. Except for plateaux 1 and 2, any 
deposition potential is not observed. It shows Mg-Sm intermetallic compounds cannot be formed, prior to 
-2.35 V. Thus, Mg-Sm intermetallic compound is not formed before the formation of Li metal. So the 
separation to both of DyCl3 and SmCl3 is possible by potentiostatic electrolysis. 
3.3. Study on the separation of DyCl3 and SmCl3 by potentiostatic electrolysis  
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Fig.3 X-ray diffraction pattern of deposits by potentiostatic electrolysis at -2.20 V for 4h. 
Based on the results obtained by cyclic voltammetry and open-circuit chronopotentiometry, 
potentiostatic electrolysis experiments were conducted using a Mo wire as working electrode for 4 h at -
2.20 V, a potential value more positive than the Li metal deposition potential. After the electrolysis, the 
deposited sample is analyzed by XRD and ICP-AES. Being the main results summarized in Table 1 
(suppose constant volume of the melts). XRD pattern of sample (1) are shown in Fig. 3. The observed 
peaks are identified as Mg and DyMg3. Therefore, we can conclude the following reactions associated to 
the formation of Mg-Dy alloys and Mg metal (plateau 1 and 2 in Fig.2): 
Plateau 1: 3Dy III 3Mg 3e Mg Dy  (1) 
Plateau 2: Mg II 2e Mg  (2) 
Table 1 Identified phases in deposits and concentration in melts with electrolysis experiments. 
Sample number Electrolysis time/h Identified phase
Concentration/mol L-1 
Dy ions Sm ions 
1 4 Mg, Mg3Dy 0.042 0.062 
2 8 Mg, Mg3Dy 0.021 0.062 
3 12 Mg, Mg3Dy 0.006 0.062 
4 24 Mg, Mg3Dy 0.005 0.062 
5 36 Mg, Mg3Dy 0.004 0.062 
3.4. Separation coefficients 
Through the above analysis, we have studied the feasibility of separation about SmCl3 and DyCl3 
and the separation conditions. The separation efficiency is discussed as follows. The effectiveness of 
electrochemical separation of metals during their deposition at the cathode is commonly characterized by 
the value of distribution or separation coefficient , which is the quotient of the ratios of the mole fraction 
of the separated metals M1 and M2 in the electrolyte (N1, N2) and in the alloy (x1,x2). Here, it is found that 
1 for samarium and 2 for dysprosium. Nevertheless, the equilibrium electrode potential E1 of component 
1 is expressed by: 
1 1
1 1
1 1
lno N fRTE E
nF x
 (3) 
Where E1 is the standard electrode potential of the n+1M /M1 system; N1 and f1 are the mole fraction 
and activity coefficient of the n+1M cation in the melt; x1 and 1 the mole fraction and the activity 
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coefficient of component 1 in the alloy. The potential E2 of the metal M2 alloy forming m+2M  ions can be 
written as:  
2 2
2 2
2 2
lno N fRTE E
mF x
 (4) 
Both of M1 and M2 cannot be separated by the expression for calculating the distribution coefficients 
( ) at the electrode from metal Mo, when the condition of equality of equilibrium potentials E1 = E2 = E. 
Taking into account the standard electrode potentials values and the fact that M2 has a more negative 
standard potential than M1, we get the following equation [30]:  
1 2 2 1
1 2
ln ln
o on m FE mFE nFE f
RT f
 (5) 
The activity coefficients of n+1M and m+2M  ions are constant at these low concentrations 
[31]. So, in the 
calculations the following formal standard potentials should be used:  
*
1 1 1ln
o RTE E f
nF
 (6) 
*
2 2 2ln
o RTE E f
mF
 (7) 
The refined metal activity coefficient is close to unity ( 1 1). At a non-symmetrical normalization 
of thermodynamic functions of diluted solutions formed on electrorefining, the activity coefficient is 
2 1 at x2 0. We get the equation (8) [32]:  
* * * 1
1 2
2
ln ln fF nE mE
RT f
 (8) 
In our case, n =2, m= 3, using the temperature dependence of the formal standard potentials of 
dysprosium (plateau 1 in Fig.2) and lithium (take the place of samarium, because the formal standard 
potential of Mg-Sm intermetallic compound is more negative than that of lithium), the minimum 
separation coefficients of samarium and dysprosium were obtained, respectively. The separation 
coefficients at different temperatures and electrolysis time are listed in Table 2. 
* 1
2
11952ln ln f
f T
 (9) 
Table 2 Separation coefficients of dysprosium from samarium at different temperatures and electrolysis time 
 Temperature/K
Electrolysis time/h 
4 8 12 24 36 
*ln  
823 15.3 15.9 17.2 17.7 17.8
873 14.1 14.8 16.0 16.2 16.4
923 13.0 13.7 14.9 15.3 15.4
As can be seen from Eq. (9) and Table 2, the separation coefficients decreased at increasing 
temperature. Thus, for effective separation of samarium from dysprosium, the lower temperatures should 
be preferred. 
4. Conclusions 
Separation of DyCl3 and SmCl3 on Mo electrodes in LiCl-KCl (58:42 mol. %) melts containing 0.12 
mol L-1 MgCl2 , 0.062 mol L-1 DyCl3 and 0.062 mol L-1 SmCl3 was investigated at 823, 873 and 923 K by 
electrolysis. According to cyclic voltammograms and open circuit chronopotentiometry, the potential stay 
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at -1.91 V was interpreted as the formation of Mg-Dy alloy at 873 K. Cyclic voltammetry and open 
circuit chronopotentiometry showed that solutions of Dy can be reduced on an Mg electrode (already 
deposited on the Mo electrode) forming alloys before the formation of Li metal. Separation was also 
possible of DyCl3 and SmCl3, because the formal standard potential of Mg-Sm intermetallic compound 
was more negative than that of lithium. Potentiostatic electrolysis was used to form the Mg-Dy alloys at -
2.20 V. Moreover, X-ray diffraction and ICP-AES analysis of the obtained deposited samples proved no 
deposition of Sm by electrolysis. The separation coefficients *ln  were calculated at different 
temperatures and electrolysis time. It was got the separation coefficients decreased at increasing 
temperature. 
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